Abstract--Experiments have been performed in a full-scale (l.6 m diameter and 2.85 m height) cylindrical reverse flow reactor filled with torus saddles and operated with low thermal losses yielding a homogeneous temperature in the center. For gas mass flow rates up to 2.2 kg/s, the convective heat transfer is found to be dominant and the resulting temperature profiles are discussed for a number of conditions. The experimental results are compared with predictions of one-dimensional models. The agreement found is generally good. ~ 1997 Elsevier Science Ltd
INTRODUCTION
Packed beds of randomly dumped ceramic particles are applied in a large variety of industrial processes and, in a reverse flow reactor, the bed is an intermediary for heat or mass transfer between two gas streams. The reactor used in this study is applied as an end-ofpipe measure for the reduction of air pollution by industrial emissions of volatile organic compounds (VOC). These applications cover a wide range of discharge flow rates (5.000-100.000 m3/h) and VOC-concentrations (0-10g/m3). The decontamination or deodorization of the gas streams occurs in the packed bed at a high temperature of typically 1000°C. The thermal behavior of the non-catalytic combustor can be compared with that of a reverse flow catalytic reactor as first introduced by Matros, see e.g. Matros and Noskov (1993) . Catalytic reactors of the autothermal kind, see Nieken et al. (1994) , have recently gained interest for their application in converter systems of the automotive branch (Kirchner and Eigenberger, 1996) . Different models of the non-catalytic reverse flow reactor have been derived and evaluated by Nijdam and van der Geld (1997) .
Typical temperature profiles in the packed bed are 'hat-shaped' with the maximum occurring half-way in the bed, see Fig. 1 . In the heating zone the entering gas is heated by the bed. At a sufficiently high temperature (700°C for natural gas), the VOCs start to react to COz and H20. In the mid-bed zone, reaction heat release and heat transfer are almost absent while in *Corresponding author. E-mail cwm@wfw.wtb.tue.nl. the gas cooling zone the heat taken up by the gas in the heating zone, and the reaction enthalpy, are partly returned to the bed in the gas cooling zone, resulting in decreasing gas temperatures. The cleansed gas mixture leaves the bed at an average temperature that is typically 40-70°C above the inlet temperature, dependent on the so-called adiabatic temperature drop. This is the temperature rise of the gas if all chemical reaction heat would be fully converted into sensible heat. Because the flow alters direction continuously, profiles are symmetrical. It is important to have minimal radial heat losses, especially in the high-temperature mid-bed zone (Eigenberger and Nieken, 1988) . If the reactor casing is made of e.g. 1.5 mm steel (with its large heat diffusivity and heat capacity), and the bed diameter is small ( __+ 15 cm), too large heat losses occur in the bed center and temperatures are not homogeneous there (van de Beld and Westerterp, 1996) . Just with compensatory heating, problems occur because of the large heat capacity of the heating equipment (Eigenberger and Nieken, 1988) . The importance of radial variations in catalytic combustion was demonstrated by, e.g. Daszkowski and Eigenberger (1992) .
Consequently, the cylindrical reverse flow reactor used in this study was designed to overcome radial heat losses. It had a diameter of 220 cm, a height of 300 cm, was filled with ceramic torus with an open shape, that were relatively large (25 or 38 mm) and at the inside of the casing, 30 cm thick ceramic blocks insulated the bed particles from the surroundings. The thermal diffusivity of ceramic is two orders of magnitude less than that of steel. Note that the influence of the insulation layer on the thermal dynamics of the whole system is mainly determined by this thermal diffusivity and is therefore negligible, especially since the cycle time is low, 90 s, causing the temperature profiles in the bed to be almost stationary. Much longer cycle times have become customary to minimize the pollution due to the exhaust of remnants from the headers upon flow reversal. In the test rig of this study, a special feeding and exhausting procedure called 'puff-cleaning' is applied, as explained below. It solves this pollution problem and makes small cycle times possible) Because of these measures and the large width of the bed the experimental results (nonisothermal) are suitable for testing the one-dimensional models developed in an earlier study (Nigdam and van der Geld, 1997) . Each flow reversal causes a volume of contaminated gas which has not passed the mid-bed zone, the so-called puff, to be exhausted. This puffis mainly due to the volume of gas which had not reached the mid-bed zone as it is blown out at a flow reversal. Prevention of the exhaust of contaminated gas is accomplished by directing the puff in a duct (length 25 m, diameter 0.8 m), an air buffer, where it is temporarily stored. This is achieved by shutting off the flow to the stack prior to a reversal by opening a valve to the air buffer and closing a valve to the stack, in this *If long cycle times are used, the mid-bed temperatures are usually kept as low as possible to reduce thermal losses. If these thermal losses are low, only low concentrations of hydrocarbons (2 g/m 3) suffice to keep the reactor going.
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sequence. The valves remain in their position for another two seconds in order to direct all gas remainders that did not reach the bed center into the air buffer. Then the valve to the stacks opens again and the other one closes and cleaned gas flows to the stack. The puff in the air buffer is gradually added to the contaminated flow in the duct to the packed bed, at the suction side of the process fan. A pressure difference of 0.5 kPa over the valve causes this addition.
As compared to the method discussed by Eigenberger (1992) , the present puff-cleaning method has the advantage of low cost of investment. The former method requires three bed-halves to be installed, rather than the two in our method, and utilizes only two thirds of the available heat storage capacity at each instant of time.
The cleaning capacity of the puff-cleaning presented here amounts nearly 100% for natural gas (Nijdam, 1995) . Components showing strong adsorption have a lower cleaning efficiency due to desorption.
Typical pressure drops across the entire generator (bed, ducts and valves) range in common practice from 2 to 4 kPa. Lower pressure drops could be realised by selecting a higher porosity for the bed. This would, however, decrease the volumetric surface area of the bed, reducing heat transfer efficiency. The shape of the bed particles and their size, determining the volumetric surface area, are chosen such that the total cost of energy (electricity for the process fan and natural gas for the preservation of bed temperatures) is minimum. Isothermal runs at ambient temperature have been performed for Reynolds numbers in the range from 800 onto 1900 and resulting pressure drops are compared with predictions using the correlations of Ergun and Kast (Brauer, 1971) , and Mackowiak (1991).
EXPERIMENTAL
The test rig consists of a cylindrical reactor vessel, two especially designed two-way valves that alternately direct the air flow upwards or downwards through the bed, a process fan and control equipment (P.L.C. and frequency controller). Figure 2 presents a schematic of the test rig. During start-up of the regenerator, the bed is heated by a 70 kW burner, producing 1000°C flue gases that are distributed by perforated pipes in a horizontal plane halfway the packed bed. During the measurements, ambient air and organic compounds with a constitution to be described below are fed to the regenerator by means of a 45 kW process fan with its rotational speed controlled by a frequency controller. The air is transported to the regenerator through a straight pipe with diameter, D, of 0.6 m and length 6.3 m. Air flow rates are measured in this duct at a distance 7D downstream of the duct inlet, using a hot wire anemometer (Airflow Model TA5, accuracy + 2%). Velocity measurements are performed at six radial positions in the duct (0.032D; 0.135D; 0.321D; 0.679D; 0.865D and 0.968D), on a crossed horizontal and vertical line through the duct center. The radial positions are chosen such that the mean velocity is obtained directly from the average of the 12 measurements (Perry et al., 1984) . It takes some time for the gas to reach the bed front after a flow reversal. This 'dead' time is denoted with znush-
The vessel has a diameter of 2.2 m and a height of 3 m, see The temperature of the thermocouple stabilizes at a level which balances the heat fluxes to the probe from the gas (convection), the bed (conduction) and the ambient air (conduction). The major part of the surface is in contact with the flowing gas. The thermocouples therefore indicate a temperature inbetween that of the gas and that of the bed. At the moderate temperatures in the heating and cooling zones, radiation is negligible compared to heat transfer by forced convection (Flerzfeld, 1962) . Van de Beld et al. (1994) with large cycle times (400-1600 s) measured differences between particle and gas temperatures of 20°C maximum. In the mid-bed zone the temperatures are typically 1000°C, causing radiation to be important. In this section, however, gas, bed and thermocouple temperatures are virtually the same and steady state and transient errors are negligible. Steady state measuring errors due to conduction are ca. 3°C (Nijdam, 1995) . Transient temperature variation is not responded to correctly by the thermocouple due to its thermal capacity, resulting in so-called transient errors. They are corrected, in a way described in appendix Appendix B.
In the duct between process fan and inlet valve, see Fig. 2 , a small amount (2% typically) of natural gas is injected in the air flow through a multi-hole tube. The natural gas composition in % volume is (Gasunie, 1988) : methane 81.30, nitrogen 14.35, ethane 2.85 and in others 1.5. The inlet mass fraction of natural gas, XHC, follows directly from the measured flow rates of natural gas and air. In addition, Xl~c is computed from the time-averaged difference of the specific enthalpy, H, of the gas mixture at outlet of the bed and that of the air at the inlet by ~
where AH0 denotes the lower combustion value of natural gas, 3.8 x 107 J/kg (Gasunie, 1988) , z the flow cycle time (upwards and downwards), T °~t the timedependent temperature of the gas mixture at outlet of the test rig, T ~ the constant inlet temperature, Xn~o°~t and x°~tco~ the mass fractions of water vapor and carbon dioxide, respectively, at the outlet and XH~O ~" and Xco~in those at the inlet. The enthalpy correlation for dry air includes a contribution of 0.03 vol.% CO2 in the air (Gasunie, 1988) . The heat losses to the ambient atmosphere have been measured with a heat flux sensor. ~ It consists of a thermopile, a large number of thermocouples in series connection, embedded in a filling material. The diameter of the sensor is 25 mm and its thickness is 3 ram. The sensor has been put on the steel wall at the outside of the test rig and has an accuracy of + 5%.
RESULTS
In each test run, mixtures of ambient air and natural gas are fed to the reactor at a constant flow rate, rho. Table 1 summarizes the main process conditions of the test runs. Errors indicated are computed according to Kline and McClintock (1953) . The Reynolds number ranges from 300 (run 1, mid-bed zone) to 1600 (run 7, bed surfaces). Here Re is based upon the interstitial gas velocity, rhg/(e.p£Ai,), and the mean pore diameter, dh = 6" Vp'e/{Ap'(1 --e)} = c'deq/(1 -e), with Vp and Ap denoting the volume and "Let the outlet temperature averaged over a cycle be denoted by (T°Ut). The heat capacity of the gas is approximately constant in the relatively small temperature range IT i", T°U']. Equation (1) can therefore be written as surface area of a torus saddle, respectively. The cycle time, z, is selected constant and short (90 s) for reasons explained in Section 1, while the gas velocity is changed to investigate the effect of convective heat transfer.
Temperatures
Heat fluxes to the ambient air, Qamb, have been measured on the outside of the insulation at different locations on the steel casing (see Table 2 ). The temperature drop due to losses, ATtoss = lbed'dbed 'X'(~amb/ (rho'cp) , ranges from 5 to 9°C. Here/bed is the height of the bed (3 m) and dbod its outer diameter (2.2 m). The value of ATao = (T °ut) -T i" + ATtos~ varies from 93 to 127 in the test runs. These values easily follow from the data in Tables l and 2 .
Typical temperature histories measured at MP2 (in the heating/cooling zone) for run 7 are presented in Fig. 5 . This temperature increases and decreases approximately linearly in time, and this tendency is independent of the flow rate. Temperatures measured in the mid-bed zone are constant in time. The dotted line in Fig. 5 possesses the correct mean and maximum and minimum temperatures as found in the way described in Appendix B. The corrected temperature is more close to the gas temperature after 45 s of constant gas flow. Upon alternating the flow direction the temperature registered by the thermocouple is initially more close to the bed temperature. Then it rapidly comes close to the gas temperature. The ratio of the characteristic relaxation time of the thermocouple, ttc, to the cycle time is too large in the example of Fig. 5 for the thermocouple to fully adapt the gas temperature. The thermal inertia of the 6 mm outer diameter thermocouples makes tic large, see Appendix B, causing the differences in measured and predicted temperatures in Fig. 5 .
The difference between the maximum and minimum temperatures at a certain point in the bed equals twice the amplitude, At, defined in Fig. 5 . The values for Ar have to be corrected for transient errors as explained in Appendix B. The amplitudes are maximum at the top and at the bottom of the bed (MP1, 2, 3, 9, and 10), as expected. The average temperatures, Tavg, and the amplitudes Ar of all test runs and all measuring points have been tabulated (Nijdam, 1995) and are available on request. The temperature profile histories of all tests can be reconstructed from these data.
Temperatures in the heating/cooling zone decrease with increasing mass flow rate. The gradient dT/dz has the same tendency. This dependence on the mass flow rate is easily explained with the aid of correlations for Nu from the literature, see e.g. Matros (1985 Matros ( , 1989 .
The gradients ~T/~z are found to be constant in each of the heating, mid-bed and cooling zones. The observed gradients being homogeneous implies that ~22T/~z 2 = 0. Axial diffusion apparently is negligible with respect to convective heat transfer and the latter therefore dominates. Note: x~ o is the inlet gas humidity. The mass fraction of natural gas is denoted by Xnc, zn,~h is the 'dead' time after a flow reversal (see Section 3). Temperatures in the mid-bed zone, TMs, are found to increase a little with increasing mass flow rate, see Fig. 6 and 7. Van de Beld et al. (1994) found the same tendency.
The radial temperature gradients in the mid-bed zone, where temperatures are highest, are negligible, see Fig. 7 , thus the net heat flow from the bed to the surroundings is small. The heat losses to the ambient air are low, 500 W/m 2 (3.5 kW in total) typically, see Table 2 , and those by axial conduction in the metal casing are estimated to be ca. 130 W only. Only at the borders of the mid-bed zone, the temperatures in the thermal insulation fluctuate due to the continuous shifting up and down of the bed temperature profile.
However, given the low cycle time, 90 s, and the thick thermal insulation with a low thermal diffusivity the heat capacity of the insulation has a negligible effect on the bed temperature profiles and the heat losses.
Pressure drop
With the temperature profiles known, the variations of the gas mass density and viscosity can be computed. This is done by segmenting the bed into small slices with height Az. In each slice the pressure drop is computed in three different ways as described in Nijdam (1995) , see also Brauer (1971) and Mackowiak (1991) . The total pressure drops, AP, follow from a subsequent summation, and are compared with experiments in Fig. 8 . The Reynolds number ranges from 300 (mid-bed zone, run 1) onto 1600 (bed surface, run 6). Additionally, isothermal runs have been performed in which the entire bed is at a temperature of 15 + I°C. Ambient air at the same temperature is transported to the bed at seven different flow rates.
Experimental and computed pressure drops are presented in Fig. 9 . The Re-number ranges from 800 onto 1900.
The isothermal pressure drops predicted by the correlations of Ergun, Kast and Mackowiak differ by less than 15% from the experiments. This is acceptable, because of the expected prediction accuracy of Mackowiak's correlation, however, overpredicts the pressure drop over the heated be by more than 50%, particularly for the lowest flow rates of runs 1 and 2, see Fig. 8 . For these conditions, a typical Reynolds number in the mid-bed zone is 300, while the measurements used by Mackowiak (1991) ranged from 600 to 10,000, probably causing the discrepancy found.
Shift velocities
Temperature fluctuations in the bed are the result of temperature gradients in flow direction, 8T/~z, and the gradual shifting of the temperature profiles due to convection. This shifting happens at velocity vs that is defined as the speed at which a temperature disturbance propagates downstream. An expression for v~ is easily derived for regions of the packed bed where no heat sources occur, see e.g. Levec and Carbonell (1985) :
Experiments with a large-scale reverse flow reactor Values of the ratio of cg and % range from 1.2 at inlet of the bed to 0.8 in the mid-bed zone. The shift velocity is therefore roughly constant in the bed. Predictions with eq. (2) and e = 0.68 (see Appendix A) are gathered in Fig. 10 . Shift velocities are derived from measured temperatures in the following way. Almost by definition,
Since dTp/dz and dTJdz are about the same, values for dTp/dz in the denominator of eq. (3) are obtained from measured gradients. Time-averaged axial temperature gradients 8TJSz, in heating and cooling zones, have the same absolute value and are constant during flow in one direction. Measured temperature gradients are derived from the temperature difference of MP1 and MP3, divided by the distance 0.56m between these two measuring points. In Table 3 measured gradients are presented.
An expression for the derivative dTp/dt, is found by taking the time derivative of the governing equation for the bed temperature (Nijdam, 1988) :
Since h is approximately constant (variation is less than 8%), cg is the only variable in the RHS ofeq. (4). Fig. 10 . In view of the measurement accuracies, see Section 2, and the approximations involved in eq. (2), the agreement is reasonably good.
Temperature predictions
Temperature distributions of gas and torus saddles are computed for each of the seven runs specified in Table 1 using a semi-analytical model. This one-dimensional model is applicable for reasons discussed in Section 3. Instantaneous values registered by the thermocouples are a weighed average of the gas and bed temperatures, see Section 2, which would make a comparison with instantaneous predictions cumbersome. Results for run 1 are presented in Fig. 11 and, except for the two thermocouples in the bottom part of the reactor a fair agreement is found between Table 1 for operating conditions. Table l for operating conditions. The cycle-averaged bed temperature profile is the same as that of the gas.
An" ditude, 2.At [°C] Table 1 for operating conditions. measured and computed temperatures. Similar results are obtained for the other measuring conditions of run 2-7. Some comparison results are gathered in Fig. 6 . For all test runs the agreement between measurement and prediction is fairly good. Due to the shifting of the temperature profiles, temperatures in heating and cooling zone vary in time as shown in Fig. 5 . This figure has been discussed in Section 3.1. Computed and measured amplitude distributions for run 1 are compared in Fig. 12 . The measured amplitudes are approximately 40% less than the predicted gas amplitudes. This shows that the thermocouples register temperatures somewhat more close to the gas temperature at the end of a cycle as has been discussed in Section 3.1. The shape of the amplitude profiles for run 2 through run 7 is similar, with an approximately linear dependence of temperature amplitudes on the mass flow rate. This dependence is obvious from the constant cycle time and from expression (2) for the shift velocity.
The plateau temperature in principle depends on the ignition temperature of the component to be burnt, which depends on E, the Arrhenius term or frequency factor and the gas residence time. Note that reactions only occur in the part of the reactor upstream of the mid-bed zone. Despite of this, Tun alters by 15-20% if E is varied by + 10% while keeping the other parameters of the theoretical model constant.
CONCLUSIONS
Experiments are presented with a reverse flow reactor of torus saddles. The measured time-dependent temperature profiles in pseudo-stationary operation are fully characterized by the temperature of the midbed zone, T~B, the gradients in the heating and cooling zone, ~T/~z, the cycle time, z, and the amplitudes of temperature in the heating and cooling zone, AT. The cycle time has been fixed at 90 s. The values of TMB, ~T/Oz, and AT have been tabulated and are available on request.
The observation that temperatures are constant throughout the entire mid-bed zone shows that radial heat losses are negligible. This was expected because of the design of the bed: its width, its thick internal insulation with low thermal diffusivity, combined with the small cycle time applied yielding low heat fluxes at the outside. For gas mass flow rates up to 2.2 kg/s, convective heat transfer is found to be dominant and axial diffusion to be negligibly small.
Pressure drops have been measured in the heated reactor (Reynolds numbers Re varying from 300 to 1600) and at uniform ambient temperature (Reynolds numbers 800-1900). Predictions by the correlations of Ergun and Kast (Brauer, 1971 ) deviate less than 15%, but low-Reynolds number predictions by the correlation of Mackowiak (1991) can deviate by as much as 50%.
The measured shift velocities show that eq. (2) predicts the shift velocity reasonably well.
A one-dimensional, semi-analytical MAT model (Nijdam, 1995; Nijdam and Van der Geld, 1997) has been used for simulations of the reverse flow reactor with torus saddles. The agreement of measurements and predictions is generally good.
Some of the particle properties have experimentally been determined in our laboratory. A cylindrical vessel of 0.280 m diameter and 0.295 m height has been filled completely with 25 mm saddles and the number of saddles in the cylinder was counted. Subsequently water was added. The amount of water that could be poured into the cylinder until it runs over has been measured (accuracy + 0.1 1). The experiment was carried out twice: for a relatively open bed structure created by filling the cylinder gently and for a relatively dense bed that was tamped frequently during the filling. The number of saddles in the cylinder was 1350 + 20 and 1500 + 20 and volume water was 13.1 _+ 0.1 1 and 12.4 _+ 0.1 1, respectively. In addition, the mass of 100 dry saddles has been measured: 0.92 _+ 0.01 kg. Subsequent results for /9bed, , g, and the number of particles per unit bed volume, N, are presented in Table AI . The void fractions measured in this way are in fair agreement with values given by the supplier.
The volumetric surface area, abed, follows from the surface area of one saddle, a l, as ab~ d = N'a~. The surface a~ of a saddle with average dimensions has been computed using the AutoCad AME-module. Characteristic dimensions of the saddle are defined in Fig. AI . The characteristic lengths H, W and S, see Fig. A1 , are 36.1 _+ 0.6 mm, 20.4 _+ 0.5 mm and 3.4 _+ 0.2 mm, respectively. The value computed for aa is 2468 _+ 60 mm 2, leading to the volumetric surface areas given in Table A1 .
APPENDIX B. CORRECTION OF TEMPERATURE MEASUREMENTS FOR TRANSIENT ERRORS
In transient situations, thermocouples lag behind any change in gas temperature due to their thermal capacity resulting in the so-called transient errors. In this appendix, a correction method for transient errors is presented. Transient errors, Er, in heating and cooling zones are estimated from (Herzfeld, 1962) dTtc E~. = T Tt¢= G'--(B1) dt with G the so-called characteristic time, defined by t,, = P,c" etcd,dh. (B2)
Here Pt,. is the mass density of the thermocouple, crc its heat capacity, d,c its diameter and h the convective heat transfer coefficient. The value of ttc of the probes with a 6 mm outside diameter tubing has experimentally been determined in quiescent air, resulting in a value t~d p of 230 s. Values for t,~ for the measurements in the packed bed are derived from t~x p by 
